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The posterior parietal cortex participates to numerous cognitive functions, from perceptual
to attentional and decisional processes. However, the same functions have also been
attributed to the frontal cortex. We previously conducted a series of reversible inactivations
of the lateral intraparietal area (LIP) and of the frontal eye ﬁeld (FEF) in the monkey
which showed impairments in covert visual search performance, characterized mainly by
an increase in the mean reaction time (RT) necessary to detect a contralesional target.
Only subtle differences were observed between the inactivation effects in both areas. In
particular, the magnitude of the deﬁcit was dependant of search task difﬁculty for LIP , but
not for FEF . In the present study, we re-examine these data in order to try to dissociate
the speciﬁc involvement of these two regions, by considering the entire RT distribution
instead of mean RT. We use the LATER model to help us interpret the effects of the
inactivations with regard to information accumulation rate and decision processes. We
show that: (1) different search strategies can be used by monkeys to perform visual
search, either by processing the visual scene in parallel, or by combining parallel and
serial processes; (2) LIP and FEF inactivations have very different effects on the RT
distributions in the two monkeys. Although our results are not conclusive with regards
to the exact functional mechanisms affected by the inactivations, the effects we observe
on RT distributions could be accounted by an involvement of LIP in saliency representation
or decision-making, and an involvement of FEF in attentional shifts and perception. Finally,
we observe that the use of the LATER model is limited in the context of a visual search
as it cannot ﬁt all the behavioral strategies encountered. We propose that the diversity in
search strategies observed in our monkeys also exists in individual human subjects and
should be considered in future experiments.
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INTRODUCTION
The parietal and frontal cortices have both been functionally
involved in saccadiceye movements, visualattention andworking
memory. In humans,fMRI studies have revealedco-activations of
these two regions in protocols involving any of these mechanisms
(e.g.,Corbettaetal.,1998;LaBaretal.,1999;Hopﬁngeretal.,2000;
Cornette et al., 2001; Astaﬁev et al., 2003; Koyama et al., 2004;
Naghavi and Nyberg, 2005; Olivers, 2008). This co-activation is
so systematic that the “parieto-frontal” network is often viewed
as a functional entity in itself, that does not require that the
relative complementary roles of its components be distinguished.
In monkeys, this parieto-frontal network is mainly constituted
of the lateral intraparietal area (LIP) and the frontal eye ﬁelds
(FEF). Accordingly, both areas have neuronal activities related to
visual stimulation, saccadic eye movements, visual attention and
memory (e.g., Bruce and Goldberg, 1985; Gnadt and Andersen,
1988; Barash et al., 1991; Colby et al., 1996; Kodaka et al., 1997;
Gottlieb etal.,1998;Hanesetal.,1998;BisleyandGoldberg,2003;
Thompson et al., 2005; Sereno and Amador, 2006).
In order to distinguish the functional roles of LIP and FEF, we
conductedaseriesofinactivationexperiments(Wardaketal.,2002,
2004, 2006) while the monkeys were performing visual saccades
and covert visual search, as a measure of visual attention. We
observedverydifferenteffectsoftheinactivationofeachareaonthe
saccadicbehavior.Indeed,FEFinactivationsledtolargedeﬁcitsup
toanincapacityforthemonkeytoproducecontraversivesaccades
(Wardaketal.,2006),whereasLIPinactivationsledtominororno
deﬁcits(Lietal.,1999;LiandAndersen,2001;Wardaketal.,2002).
Incontrast,inthecovertvisualsearchtask,theinactivationofboth
areasinducedacomparableincreaseinthemeanreactiontime(RT)
necessary to detect a contralesional target, without any change in
theslopeoftheRTasafunctionofthenumberofitemspresentinthe
visual scene (Wardak et al., 2004, 2006). Only subtle differences
could be observed between the inactivation of both areas. For
example, the amplitude of the RT deﬁcit was larger for difﬁcult
visual search conditions (difﬁcult feature search and conjunction
search) than for an easy condition (“pop-out” search) following
the inactivation of LIP, while the amplitude of the deﬁcit was
constantacrosstheseconditionsfollowingthatoftheFEF(Wardak
et al., 2011). There was also no change in the mean RT necessary
to detect an ipsilateral target, except after FEF inactivation in
one monkey.
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Although mean RT is the most widely used measure of behav-
ioral performance, it has some limitations and may not capture
all the information contained in RT data. RTs, whether manual
or saccadic, do not follow a Gaussian distribution. They are bet-
ter described by an ex-gaussian distribution (Ratcliff, 1979). As a
result, a change in the mean RT may reﬂect changes in different
parameters of the actual distribution: a shift of the entire distri-
bution or an increase of the tail for example. RT distributions
could also be modiﬁed without any effect on the overall mean.
The aim of the present paper is thus to reanalyse the effects of
LIP and FEF inactivations on the manual RTs in a covert visual
search (Wardak et al., 2004, 2006) by considering the entire RTs
distribution rather than just the mean RT.
Fromafunctional pointofview,aRTreﬂects asetofprocesses,
ranging from the visual processing to decision mechanisms. The
effect of LIP and FEF inactivations on any of these processes will
thus affect the RTs and their distribution. The LATER model,
developed by Carpenter (Carpenter and Williams, 1995; Reddi
and Carpenter, 2000; Reddi et al., 2003), provides an interest-
ing framework for RT analysis. Indeed, it postulates that RTs are
determined by the time taken by a decision signal to rise linearly,
in response to the presentation of visual information, up to a
threshold at which a response is initiated. This model considers
the whole RT distribution and proposes that it can be modi-
ﬁed either by a change in the rate of information accumulation
(i.e., visual, perceptual processes) or by a change in the decision
threshold (i.e.,decision,cognitive, top-downprocesses).Both LIP
and FEF have been proposed to accumulate evidence in favor of
saccadic motor plans (e.g., Hanes and Schall, 1996; Shadlen and
Newsome, 1996). However, these areas also contain visual and
visuomotor neurons that have been shown to represent the visual
saliency (Gottlieb et al., 1998; Thompson and Bichot, 2005)a n d
to accumulate perceptual information (Shadlen and Newsome,
1996; Ding and Gold, 2012) ,t h a tc o u l dl e a dt oap e r c e p t u a ld e c i -
sion about the presence of a target in the visual scene, even in a
non-saccadic context (Ibos, Duhamel and Ben Hamed, submit-
ted). In this study, we thus consider the possible involvement of
LIP and FEF in a perceptual decision, and not in a motor decision
like in saccadic tasks. According to several papers, the computa-
tion of this perceptual threshold or criterion could be internal
to the areas accumulating the perceptual evidence (Wang, 2002;
Machens et al., 2005; Wong and Wang, 2006). As the LATER
model can also be effective in manual contexts (Madelain et al.,
2007), it could provide a statistical evaluation of whether the
accumulation process or the decisional threshold is altered by the
focal inactivations of either area.
MATERIALS AND METHODS
SUBJECTS AND EXPERIMENTAL SETUP
Two monkeys (Monkey M, Macaca mulatta, and Monkey G,
Macaca fascicularis) weighting around 6 kg participated in these
experiments. We followed procedures in compliance with the
guidelines of European Community on animal care (European
Community Council, Directive No. 86-609, November 24, 1986).
All the protocols used in this experiment were approved by
the animal care committee (Department of Veterinary Services,
Health and Protection of Animals, permit number 69 029 0401)
and the Biology Department of the University Claude Bernard
Lyon 1. Each monkey underwent two surgical sessions under
propofolor isoﬂuraneanesthesia to preparefor chronic recording
of eye movements and extracellular cortical recordings. During
the ﬁrst surgery, the animals were implanted with scleral search
coils (Judge et al., 1980) and a head-restraining device. A cran-
iotomy wasmadeovertheleftintraparietalsulcus,andastainless-
steel recording chamber wasimplanted to allowaccess to LIPwith
microelectrodes andinjection needles. Duringthesecondsurgery,
a craniotomy was made over the left arcuate sulcus to access FEF
in both monkeys.
Throughout the duration of the experiments, the monkeys
were seated in a primate chair with their head restrained, fac-
ing a tangenttranslucentscreen 35cm away,which spanned ±55◦
of the visual ﬁeld. A mechanical lever, which could be displaced
only vertically, was ﬁxed on the chair at hand level in front of
the monkey. The contact between the monkey and the lever, and
the press onto the lever, were electrically detected. Behavioral
paradigms, visual displays, and storage of both neuronal dis-
charge and eye and hand movements were under the control of
a personal computer running a real-time data acquisition system
(REX) (Haysetal.,1982).Visualstimuliwereback-projectedonto
the screen by a Davis (Drammen, Norway)DL-450 video projec-
tor. Eye movements were recorded with the magnetic search coil
technique (Primelec, Zurich, Switzerland), and horizontal and
vertical eye positions were digitized at 250Hz. All data analyses
were performed off-line.
BEHAVIORAL TASK
The monkeys were trained to perform a covert visual search. This
task required the monkey to maintain ﬁxation on a central ﬁx-
ation point and search, while keeping their eyes on the ﬁxation
point, in the visual periphery for the presence of a predeﬁned tar-
get in an array containing two, four, or eight items. A trial started
when the monkey’s hand was in contact with the lever and then
the central ﬁxation point appeared. From 300 to 1000ms after
the foveation of the ﬁxation point, up to three visual search dis-
plays appeared in succession, each lasting 200ms, separated by
a 1000ms blank interval. The monkeys had to press the lever
within 900ms after the appearance of a display, which contained
the target. If no target was present, the monkeys refrained from
responding and waited for the next displaywithout breaking ﬁxa-
tion. The target appearedin the ﬁrst, second, orthird displaywith
equalprobability,hence pressing the leveratrandomwouldresult
in 33.3%ofcorrectanswers.Trialswere interrupted ifthe monkey
pressed the lever when no target was present orfailed to maintain
ﬁxation. Both monkeys used their right hand to answer. Within
a given trial, successive displays contained the same number of
items, but the number of items per display varied randomlyfrom
one trial to the next. The visual items were circularly distributed
at 10◦ of eccentricity, half on the left side and half on the right
side of the ﬁxation point. Visual ﬁxation was controlled within a
2.5◦ or 3◦ wide window of tolerance.
Other than the covert visual search task on which the cur-
rent study focuses, both monkeys were also trained on visually-
and memory-guided saccade tasks (Wardak et al., 2002, 2006)
and competition/extinction saccade task (Wardak et al., 2002 for
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Monkey M, not published for Monkey G). The only training dif-
ference between the two monkeys is that Monkey M was trained
to an overt version of the visual search task (Wardak et al., 2002)
before being trained for the covert visual search, whereas Monkey
G never learned the overt task.
VISUAL STIMULI
The ﬁxation point was a gray cross. The target was a pink
diamond shape. We tested three visual search conditions
(Figure2A). In the conjunction search condition, the target was
identiﬁed by a speciﬁc combination of two visual features, one
shape and one color (always the pink diamond). The other com-
binations constituted the distractors (orange diamond, pink star,
and orange star). All subtended the same visual angle of 1.8◦.
Two additional conditions were tested in which the target differed
from the distractors by a single visual feature. In the easy feature
search condition, there was only one distractor type of the same
shape as, but different color from, the target (a blue or green dia-
mond). In the difﬁcult feature search condition, the distractors
were heterogeneous and consisted of three different shapes of the
same color as the target (pink).
LIP AND FEF IDENTIFICATION
Identiﬁcation of LIP was based on single-cell recordings. Single-
neuron activity was recorded extracellularly with microelectrodes
(Frederick Haer, 1–2M  at 1kHz), which were lowered through
stainless steel guide tubes by means of a hydraulic microdrive
(Narishige). Neuronalresponses were recorded in the lateralbank
of the intraparietal sulcus during visually guided saccade task,
memory-guided saccade task, and ﬁxation with passive visual
stimulation to determine precisely both the location and extent
of LIP and its borders with other well-characterized neighbor-
ing areas. Visual, memory, and/or saccadic neuronal activity were
observed and used to identify LIP (Gnadt and Andersen, 1988;
Colby et al., 1996), contrasting with the motion-, tactile-, arm-,
and hand-related responses of the neighboring regions VIP, MIP,
and AIP (Colby et al., 1993; Sakata et al., 1995; Johnson et al.,
1996). We observed the rough topographic organization of the
visual ﬁeld representation in LIP as described previously by Ben
Hamed et al. (2001). This representation helped us to choose
the injection points for muscimol experiments in order to cover
the whole area LIP and to avoid diffusion of the muscimol in
the neighboring areas.Injection tracks corresponded to recording
sites with both visual and saccadic-related activity.
In one monkey (Monkey M), the FEF was ﬁrst located by
using single-cell recordings. Neuronal responses were recorded
mainly in the anterior bank of the arcuate sulcus, while the mon-
key was performing a memory-guided saccade task. Visual and
saccadic neuronal activities were recorded andused to identify
FEF. The localization of the FEF was conﬁrmed in Monkey M
and determined in Monkey G by using electrical microstimula-
tion. The stimulations were delivered by a stimulator (Neurolog)
throughtungstenmicroelectrodes (50–500k at1kHz;Frederick
Haer). Stimulations consisted in trains of biphasic pulses (pulse
duration, 0.25ms; train duration, 70ms; stimulation frequency,
300Hz)ofvarying intensity (rangetested: 5–150Å). The FEF was
deﬁned as the cortical region, the stimulation of which elicited
saccadic eye movements for an intensity <50μA( Tehovnik and
Sommer, 1997). We observed the known topographical orga-
nization of the FEF, along the arcuate sulcus, with very small
saccades elicited in the most ventrolateral part and large saccades
in the most dorsomedial part of the FEF (Bruce et al., 1985).
This representation helped us to choose the injection points for
muscimol experiments to cover the whole area FEF and to avoid
diffusion of the muscimol in the neighboring areas. Injection
trackscorrespondedto sites evokingsaccadesatverylowintensity
(10–40μA).
LIP AND FEF INACTIVATION
A solution of muscimol (Sigma, St. Louis, MO) in saline
(8–12μg/μl for LIP injections, 3–8μg/μl for FEF injections) was
injected with a 5μl Hamilton syringe connected to a 29 gauge
stainless steel needle. Muscimol, a GABAA agonist, was used
because it interacts speciﬁcally with GABAA receptors and does
notinduceconductionblockinﬁbersofpassage.ForLIPinactiva-
tion, three needle tracks were performed in each experiment and,
along each track, two injections were made at distinct physiolog-
ically characterized sites of LIP, separated by 2–4mm. For FEF
inactivation, three needle tracks were performed in each experi-
ment and, along each track, one injection was made. The volume
injected at each site was 0.5μl and was delivered continuously in
7.5min by an automatic pump system. The total amount of mus-
cimol injected in each experiment ranged between 24 and 36μg
for LIP inactivation, and between 4.5 and 12μgf o rF E Fi n a c -
tivation. In Monkey G, three injections were made into the left
parietal cortex and seven injections in the left frontal cortex. In
monkey M, ﬁve injections were made in the left parietal cortex
and seven injections into the left frontal cortex.
Both monkeysusedtheir contralesionalrighthandto respond.
After the injections were completed, we tested for the onset of
muscimol effects with an extinction task (showing as an ipsi-
lateral bias in choice to simultaneous bilateral presentation of
two ﬂashed visual targets), which is a reliable online behavioral
marker of LIP inactivation effect (Wardak et al., 2002)o rw i t ha
visual saccade task which is a reliable online behavioralmarker of
FEF inactivation effect (Wardak et al., 2006). This effect generally
started 15–60min post-injection. The order of the different task
conditions was counterbalanced across inactivation experiments,
andcontrol datawerealwaysobtainedonthefollowingdayandin
the same order of presentation. The entire duration of behavioral
testing never lasted more than 3h, well within the accepted range
of muscimol effects (Malpeli, 1999; Martin and Ghez, 1999). Two
physiological saline injections, one into LIP and one into FEF, in
Monkey M served as a further control for the speciﬁcity of the
effects.
DATA ANALYSIS
Preliminary data analysis did not indicate a systematic tendency
for LIP or FEF inactivation to affect particular target locations
within the contralesional hemiﬁeld. Thus, for the sake of presen-
tationclarity,resultsfordifferenttargetlocationsweregroupedby
hemiﬁeld. Intrinsic to the design of ourvisual search task, with its
sequential presentation of up to three stimulus arrays, is the pos-
sibility that monkeys learned to anticipate the necessary presence
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of the target on the third array, after two arrays with no target in
them. Surprisingly, no effect of the order of presentation within a
trial was observed on RT. Third array targets were not responded
tofasterthanﬁrstorsecondarraytargets,suggestingthatthethree
stimulus arrays were processed in the same manner [two-way
ANOVA, number of items × presentation order; Monkey G, pre-
sentation order factor, p > 0.60 (p > 0.40), interaction p > 0.08
(p > 0.20) for the LIP (FEF) experiments data; Monkey M, pre-
sentation order factor, p > 0.09 (p > 0.38), interaction p > 0.37
(p > 0.11) for the LIP (FEF) experiments data]. Therefore, all
subsequent statistical analyses were conducted on pooled data
from the three types of trials. Behavioral data obtained during
the sham injections of saline solution showed no signiﬁcant dif-
ference with control sessions. To increase the statistical power of
the analyses presented below, we pooled the result from all exper-
iments, and we compared these data with pooled data obtained
on the day after each inactivation experiment.
We used the LATER model to plot and interpret the changes
in RT distributions (Carpenter and Williams, 1995; Reddi and
Carpenter, 2000; Reddi et al., 2003). This simple model proposes
that a decision signal rises linearly, in response to information
about a target, to a threshold at which a response is initiated, at
a rate that varies from trial to trial with a gaussian distribution
(Figure1A, left panel). Cumulative RT distributions are plotted
as reciprobit plots, so that each distribution corresponds to a line
(Figure1A, right panels). The model originally makes two alter-
native predictions. A change of RT distribution can be explained
by a change of accumulation rate, in which case the two lines
corresponding to the each RT distribution are shifted one with
respect to the other but remain parallel (shift, Figure1B,l e f t ) .
Else, a change in RT distribution can be explained by a change
of the decisional threshold, in which case the two lines swivel
one with respect to the other and intercept at time = inﬁnity
(swivel, Figure1B, middle). Finally, some authors introduced a
third possibility of change (Madelain et al., 2007), which corre-
sponds to a modiﬁcation of the variance of the accumulationrate
(σ), in which case the two lines rotate one with respect to the
other around the median (rotate, Figure1B, right). Speciﬁcally,
forestimating thelikelihoodthatthetwoRTdistributionsthatare
being compared result from a change in the accumulation rate,
we identify the LATER model parameters (accumulation slope,
RT distribution standard deviation, noise distribution standard
deviation and the factor of accumulation rate change between
the two conditions) that maximize the likelihood of observing
these two distributions. Forestimating the likelihood that the two
RT distributions that are being compared result from a change
in the decision threshold, we identify the LATER model param-
eters (accumulation slope, RT distribution standard deviation,
noise distribution standard deviation, and the factor of decision
threshold change between the two conditions) that maximize the
likelihoodofobservingthese twodistributions.Forestimating the
likelihood that the two RT distributions that are being compared
result from a change in the variance of the accumulation rate,
we identify the LATER model parameters (accumulation slope,
RT distribution standard deviation, noise distribution standard
deviation, and the factor of RT distribution standard deviation
FIGURE 1 | The LATER model and its hypotheses. (A) Schematic
illustrations of the LATER model. Following the presentation of a
stimulus, a decision signal rises linearly, with an accumulation rate r
that has a variance σ, from a baseline value S0 to a decision threshold θ,
at which point the response is produced (left). The cumulative reaction
times distribution (middle) is plotted on a probit scale with a reciprocal
time axis (right) resulting in a line according to the model (called
reciprobits in the text). (B) Predictions of the model. A change in the
accumulation rate r results in a shift of the reciprobit (shift, left). A change
in the threshold θ results in a swiveling of the reciprobits, intercepting at
time = inﬁnity (swivel, middle). In addition to the initial hypotheses, some
authors (Madelain et al., 2007) have also proposed that a change in the
variance σ results in a rotation of the reciprobits around the median
(rotate, right).
Frontiers in Integrative Neuroscience www.frontiersin.org June 2012 | Volume 6 | Article 39 | 4Wardak et al. Cortical inactivations and RT distributions
change between the two conditions) that maximize the likelihood
ofobservingthese twodistributions. Concurrenthypotheses were
tested oneagainstthe other byevaluatingwhich one ismore likely
using pair wise chi-square tests.
RESULTS
REACTION TIMES DISTRIBUTIONS IN CONTROL CONDITION
In an overt visual task, subjects’ behavior is usually described in
terms of number of saccades. When the task is covert, as in our
case,therelevantmeasureismeanRT.Ineasyvisualfeaturesearch
tasks, classically called “pop-out” tasks, mean RT is constant
whatever the number ofitems in the search array(Figure2B,blue
lines). In more difﬁcult visual search tasks, mean RT increases
as a function of the number of items (Figure2B,d i f ﬁ c u l tf e a -
ture search, green lines, and conjunction search, red lines). Both
m o n k e y st h u ss h o wc l a s s i c a lb e h a v i o r .
Figure3 shows the RT distributions plotted as reciprobits
(LATER model), as a function of the search condition and num-
ber of items. The ﬁrst result is that, in the easy feature search
condition, the RT distributions are indistinguishable and unaf-
fected by the number of items in the search array, for both
monkeys(bluelines). Forthe twodifﬁcultconditions, weobserve:
(1) an effect of the number of items on the distributions; (2) a
difference between the two monkeys. We will ﬁrst consider the
behavior of Monkey M (Figure3A). For the two difﬁcult con-
ditions (difﬁcult feature search: green; conjunction search: red),
the reciprobit plots are shifted when the number of items in the
visual scene increases (likelihood shift > swivel for each 2 by
2c o m p a r i s o n ,p < 0.05 for the three comparisons). According to
the LATER hypotheses, this result means that, when the number
of objects in the visual scene increases, the rate of information
accumulation decreases. This suggests that Monkey M processed
the different items of the visual scene in parallel.
The results are different for Monkey G. As can be observed
in Figure3B, the reciprobits for the difﬁcult feature and con-
junction search conditions do not look parallel, the lines start
from the same point (except one) and then diverge. None of the
LATER hypotheses (Figure1B) ﬁts this proﬁle (likelihood is still
higher for shift, signiﬁcant for the 2 vs. 8 items comparison, and
for the 2 vs. 4 items in the conjunction condition). Historically,
target detection in a visual search task has been proposed to rely
on two possible mechanisms, either a parallel or a serial mecha-
nism (e.g., Treisman and Gelade, 1980; Nakayamaand Silverman,
1986; Wolfe et al., 1989). A parallel processing of the visual scene
would result in a shift in the reciprobit plots, as seen for Monkey
M, because the more objects are present the more have to be
processed in parallel, thus decreasing the rate of information
accumulation.Couldaserialprocessing accountforthereciprobit
plots of Monkey G? The fact that the reciprobits originate in the
same point indicates that the earliest target detections Monkey
G is able to produce are not affected by the number of items
in the visual scene, ﬁtting with a serial mechanism. In order to
test for this serial hypothesis, we compared the real RT distribu-
tions for the difﬁcult feature search condition (Figure4,l e f t )t o
FIGURE 2 | Visual search conditions and mean reaction times. (A) Three
search conditions. The target is always the pink diamond, that can be
presented along blue diamonds (easy feature search, blue, left), other pink
objects (difﬁcult feature search, green, middle), or other combinations of
pink/orange and diamond/star (conjunction search, red, right). (B) Mean
reaction times in the three search conditions for both monkeys as a function
of the number of items in the visual scene. The slope for each condition and
monkey is indicated on the corresponding curve. The three search conditions
are always coded with the same colors in all the ﬁgures: blue = easy feature
search, green = difﬁcult feature search, red = conjunction search.
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FIGURE 3 | Control reaction time distributions as a function of the search condition. The distributions are plotted as reciprobits, as a function of the
number of items, in Monkey M (A) and Monkey G (B).
simulated distributions under the hypothesis of a serial mecha-
nism (Figure4, middle). In classical visual search experiments in
humans (e.g., Treisman and Gelade, 1980), the slope of the mean
RT as a function of the number of items is used to estimate the
timing of a single attentional shift. In our case, the slope for the
difﬁcult feature search in Monkey G is 9.3ms/item (Figure2B).
For our simulation of the serial hypothesis, we thus used the
easy feature search RT distribution as the basic distribution in
Monkey G, for which only one attentional shift is necessary, and
combined it with as many identical distributions, shifted in time
by our experimental estimate of attentional spotlight shift time,
as there were items still to be explored in the search array (the
serial hypothesis proposes that the target is equi-probably found
after1,2,...,n shifts of attention for a visual scene containing
n items). As can be seen in Figure4 (middle panels), the dis-
tributions resulting from this simulation do not match the real
distributions (left panels), and the reciprobit plots are more par-
allel than diverging. Moreover, these simulated distributions fail
to replicate the late RTs of the real distributions (black arrows).
Several aspects can account for this. First, 9.3ms is very short
for an attentional shift if we consider what has been estimated in
humans.Invisualsearch,thefastestattentionalshifthasbeenesti-
m a t e da r o u n d5 0m s( Wolfe, 1998; Wolfe et al., 2000; Horowitz
et al., 2004). Using a dual stream task, Ibos et al. (2009)h a v e
estimated that an inter-hemispheric shift lasts around 55ms,
while an intra-hemispheric shift lasts around 38ms. Using the
same inter-hemispheric task in monkeys, we estimated an atten-
tion shift to last around 30ms (unpublished data). This more
plausibleestimate in attention shift time will haveas effect to pro-
duce more late RTs in the simulation. Second, it has been shown
that, in anovert visualsearch task,subjects arenotsystematic and
that they always re-explore some of the items. Nothdurft et al.
(2009) estimated that there is 7% of re-exploration, whatever the
number of items in the visual scene. Re-exploration could thus
explain the late RTs in the tail of the real distributions and their
absencefromthesimulateddata.Third,ithasbeen shownthat,in
an overt task, saccades that are not directed to the target usually
land on the distractors that are the closest in feature to the tar-
get (Bichot and Schall, 1999). The same result is also obtained in
a dual covert visual search task (Zenon et al., 2008, 2009a). This
suggests that visual search, instead of calling on purely serial or
purely parallel processes, actually involves a combination of serial
shifts with a parallel pre-analysis of the scene. This should corre-
late with targets being preferentially found with a small number
of attentional shifts, without excluding trials in which numer-
ous shifts are needed to ﬁnd the target (more shifts than just the
number of items in the search array). An example of such a semi-
serial scenario is presented in Figure4 (right panels), favoring
small numbers of shifts, with 7% of re-exploration (number of
shifts > number of items), and a single shift lasting 30ms. This
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FIGURE 4 | Real and simulated reaction times distributions for
the difﬁcult feature search condition in Monkey G. On the left,
the real distributions and their corresponding reciprobits are shown
as a function of the number of items (same data as in Figure 3B,
middle panel). Black arrows correspond to late reaction times bumps
in the distributions that could correspond to re-exploration (see text and
below). The middle distributions correspond to a simulation of a purely
serial search (the easy feature search distribution of Monkey G is used
as the distribution for one attentional shift and, as the number of objects
increases, we add the same distribution shifted by the timing we
evaluated for a single attentional shift, estimated thanks to the slope
o ft h em e a nr e a c t i o nt i m ei nFigure 2B). The right distributions correspond
to a simulation of a semi-serial search, combining parallel and serial
processes. We used: (1) the easy feature search distributionas the
distribution for one attentional shift; (2) an evaluation of 30ms as the timing of
a single attentional shift; (3) an exploration pattern that favors small numbers
of shifts to ﬁnd the target, but also supernumerary shifts corresponding to
7% of re-exploration of already explored objects (2 items: 70% of 1-shift
+23% of 2-shifts +7% of 3-shifts; 4 items: 35% of 1- and 2-shifts +11.5% of
3- and 4-shifts +3.5% of 5- and 6-shifts; 8 items: 17 .5% of 1-, 2-, 3-, and
4-shifts +5.75% of 5-, 6-, 7- and 8-shifts +1.75% of 9-, 10-, 11-, and
12-shifts).
simulation achieves a better replication of the real distributions
and their characteristics, in particular the facts that the recipro-
bit plots start around a same point and diverge. A perfect ﬁt of
the data would require a precise individual estimation of several
parametersofthe searchbehavior:exacttiming oftheshift, differ-
ence between an intra- and an inter-hemispheric shift (Ibos et al.,
2009) and exact proportion of trials with a small/large number of
shifts.
To conclude this section, our data show that both monkeys
have different behavioral strategies, and that the LATER model
is well suited to describe a parallel processing of the visual scene
as observed in Monkey M. For more complex behaviors involv-
ing, as in the case of Monkey G, serial processes, this model does
not seem to provide an informative description of the functional
processes underlying the RT distributions.
EFFECT OF LIP INACTIVATION
LIP inactivation causes an increase in the mean RT necessary
to detect a contralesional target, while no effect is observed for
an ipsilesional target (Wardak et al., 2004). However, when the
whole distribution is considered, a difference in the detection
time of both ipsi- and contralesional targets between the control
and inactivation condition is observed. Because the same effect
is observed whatever the number of search items, and for sake
of clarity, in the following, we pooled the data over search array
conﬁgurations.
The effect of LIP inactivations on RT contralesional distribu-
tions is particularly clear in Monkey M. As can be observed in
Figure5A, the reciprobit inactivation plots (dashed lines) seem
to swivel compared to the control data (solid line). This effect
is signiﬁcant in one of the search conditions, and marginally
signiﬁcant for another condition (easy feature p < 0.02, conjunc-
tion p = 0.072, difﬁcult feature: likelihood swivel = likelihood
shift). For Monkey G, only a tendency, going in the same direc-
tion, is observed for the difﬁcult feature search condition (swivel
p = 0.1), but globally there is no signiﬁcant trend. Thus, at least
in Monkey M, the effect of LIP inactivation appears to mainly
affect the decision threshold.
Contrary to what was found when considering only the mean
RT, aneffect ofLIPinactivations is observed onthe ipsilateraldis-
tributions, especially in Monkey M. However, as can be observed
in Figure5B, this effect on the reciprobit plots is neither a shift
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FIGURE 5 | Effects of LIP inactivations on reaction time
distributions. The distributions are plotted as reciprobits for the
contralesional targets (A) and the ipsilesional targets (B),i n
Monkey M (left) and Monkey G (right). The different numbers
of items conditions are cumulated, for the control conditions
(solid lines) and the inactivation conditions (dashed lines). The x-axis
is slightly shifted for the different search conditions in order to show
the results more clearly.
nor a swivel, but rather a crossing of the lines. This kind of effect
on the reciprobits has been observed by authors who manipu-
lated the RT distribution of their subjects thanks to feedback, and
it was speciﬁcally associated to a reduction in the variability of
the distribution (Madelain et al., 2007). In the LATER model,
this corresponds to a modiﬁcation in the variance of the accu-
mulation rate (σ), the result of which is a rotation of the two
reciprobit lines one with respect to the other around the median
(rotate, Figure1B,r i g h t ;Madelain et al., 2007). When includ-
ing this rotation hypothesis to the LATER model, in addition to
the swivel and shift hypotheses, it appears to explain Monkey M’s
results best (rotate vs. shift: p < 0.05foreasyfeatureandconjunc-
tion, marginally signiﬁcant p = 0.068 for difﬁcult feature search;
rotate vs. swivel: p < 0.05 for easy and difﬁcult feature search).
None ofthese three hypotheses conclusivelyaccounts for Monkey
G ipsilesional distributions.
Focusing on Monkey M, we show that LIP inactivations affect
the variance of the RT distribution for detecting an ipsilesional
target. Why would it not affect also the variance of the RT
distribution for a contralesional target? In fact, we cannot exclude
this possibility.Onelimitation oftheLATERmodelisthatwecan-
not differentiate statistically a change of the decisional threshold
(swivel) from a change in the accumulation rate taking place at
the same time as a change in the variance (shift + rotate).
EFFECT OF FEF INACTIVATION
The effects of FEF inactivations on RT distributions are very
different from those of LIP inactivation (Figure6). As for LIP
Frontiers in Integrative Neuroscience www.frontiersin.org June 2012 | Volume 6 | Article 39 | 8Wardak et al. Cortical inactivations and RT distributions
FIGURE 6 | Effects of FEF inactivations on reaction time
distributions. The distributions are plotted as reciprobits for the
contralesional targets (A) and the ipsilesional targets (B),i n
Monkey M (left) and Monkey G (right). The different numbers of
items conditions are cumulated, for the control conditions (solid
lines) and the inactivation conditions (dashed lines). The x-axis is
slightly shifted for the different search conditions in order to show
the results more clearly.
inactivation results, we pooled the data for the different numbers
of items.
As can be seen in Figure6, the results from Monkey M and
Monkey G are very different and are reminiscent of the differ-
ent visual search strategies we describe in the control condition
for each of them. In Monkey M, the reciprobit plots corre-
sponding to the detection of a contralesional target (Figure6A)
are shifted with respect to the control condition for the three
search conditions (likelihood shift > swivel > rotate, p < 0.01
for shift vs. swivel in the three conditions). This would corre-
spond to a decrease in the accumulation rate. The effect on the
ipsilesional reciprobit plots is smaller (Figure6B) and no par-
ticular LATER hypothesis ﬁts with the three search conditions
(no signiﬁcant difference between the shift and the swivel
hypotheses). In Monkey G, we observe a rotation of the recipro-
bits, both for a contralesional and an ipsilesional target, in the
three search conditions (Figures6A and B; likelihood rotate
> shift and swivel, p < 0.003 for all the comparisons), corre-
sponding to an increase in the accumulation rate variance. The
observations for ipsilesional target detections are very interest-
ing as no signiﬁcant effect was obtained when considering the
mean RT independently of RT distribution (Wardak et al., 2006).
A surprising result is also obtained in Monkey G for the easy fea-
ture search condition when the target is ipsilesional: we observe
fast RTs, creating a second line in the reciprobit plot. Figure7
shows that this result appears consistently for the three different
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FIGURE 7 | Effects of FEF inactivations on reaction time distributions
for ipsilesional targets in the easy feature search condition in Monkey
G. The different numbers of items conditions are cumulated for the control
condition (solid line), but represented independently for the inactivation
conditions (dashed lines).
numbers of items in the easy feature search conﬁguration: these
early RTs are comprised between 150 and 250ms and correspond
to less than 10% of the total distribution.
DISCUSSION
In the present work we reanalyze the effects of LIP and FEF
inactivations on the monkeys’ behavior in visual search tasks
(Wardak et al., 2004, 2006) by considering the entire RT distri-
butions and not only the mean RT. We use the LATER model
to help us identify the possible functional mechanisms affected
by these inactivations. We ﬁnd that (1) the behavioral strategy to
ﬁnd the target differs between the two monkeys; (2) the effects of
LIP and FEF inactivations are different, suggesting that different
mechanisms are affected.
In the control condition, in the easy feature search condition,
adding items affects neither the mean RT (Figure2B)n o rt h eR T
distributions (Figure3). However, we observe a different effect of
adding items in the visual scene on the RT distributions of both
monkeys in the two difﬁcult search conditions. In Monkey M,
adding items results in shifting the RT reciprobit plots. According
to the LATER model, this corresponds to a decrease in accumula-
tion rate, suggesting a parallel processing strategy. Indeed, adding
items adds information in the visual scene representation and
thus, in the context ofa purely paralleltarget detection strategy, is
expected to increase the time needed to reach a detection decision
threshold. In Monkey G, the RT distributions corresponding to
the different number of items conditions do not match any of the
LATER hypotheses. We propose that, the best hypothesis that ﬁts
the data (i.e., reciprobit plots that start from a single point and
then diverge as observed in Figure3), is that of a combination
of parallel and serial processes under the following constraints:
(1) the target is mostly found after a small number of attentional
shifts though in some trials more shifts are necessary, (2) some
items of the visual scene can be visited more than once (cor-
responding to the re-exploration described by Nothdurft et al.,
2009). Recent psychophysical observations conﬁrm that such a
mixed parallelandserialstrategy prevailsin difﬁcult visualsearch
contexts overpurelyserialprocesses(GuidedSearchtheory, Wolfe
et al., 1989; Zenon et al., 2008, 2009a,b). While the LATER model
accurately accounts for a purely parallel process, it does not allow
for a robust statistical ﬁt of data generated from a mixed paral-
lel/serial strategy. Incorporating an additional parameter, namely
an increase in accumulation variance, improves the model’s ﬁt-
ting of situations that produce a rotation in the reciprobit plots
(Figures 5 and 6). However, it remains unable to describe com-
plex situations inducing a combined shift plus rotation of the
reciprobit plots, as expected from a mixed strategy involving
parallel and serial sub-processes. Very few studies have looked
at RT distributions in visual search tasks in humans (Strayer,
1997; Sung, 2008; Reynolds and Miller, 2009; Palmer et al.,
2011). Heterogeneity in subjects’ strategies has been observed
(e.g., Figures3–5 in Palmer et al., 2011) but never analysed
nor discussed as an intrinsic aspect of visual search underly-
ing sub-processes. We thus posit that, mirroring the individual
visual strategies we describe here between our two monkeys, such
individual differences also exist in human subjects and might
explain someofthediscrepanciesinthe visualsearch community,
especially in experiments involving a very small number of
subjects.
The effect of LIP inactivations on mean RT is an increase for
the detection of a contralesional target, greater for difﬁcult search
conditions that for the easy condition, and no effect for the detec-
tion of an ipsilesional target except a decrease in RT variance for
Monkey M (Wardak et al., 2004). Because the response to an eas-
ily detectable target is almost not affected, these results lead us to
propose that LIP is involved in a kind of selection or competition
process. What new light does considering the entire RT distri-
bution bring about on the functional consequences of reversible
inactivations? We do not observe an overall difference between
the easy and the difﬁcult searches. In Monkey M, LIP inactiva-
tions affect the detection of both a contra- and an ipsilesional
target in different ways. For an ipsilesional target, the RT distri-
butions show a reduced variance. For a contralesional target, the
RT distributions show either an increased decisional threshold
or a decreased variability combined to a decreased accumulation
rate. Monkey G’s results suggest the same trend, although our
measures fail to reach statistically signiﬁcance (nearly signiﬁcant
only for the most difﬁcult search condition). From a functional
point of view, a decrease in ipsilateral RT variance could cor-
respond to a decrease in the level of noise in a saliency map.
Alternatively, it could also correspond to a spatial bias (toward
the ipsilesional side of space) narrowing the spatial representa-
tion considered for the search. These ipsilateral changes can be
expected to have the following contralateral counterparts: (1) a
noise increase (possibly correlating with an increased variance)
that could lead the perceptual system to adjust the decisional
threshold to avoid too many false alarms (we indeed observed
more false alarms following LIP inactivations as reported in
Wardak et al., 2004) and thus correspond to the swivel inter-
pretation; or (2) after failing to ﬁnd the target in the narrowed
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ipsilesional spatial map (imposing a ﬁxed delay), a shift to search
for the target in a narrowed contralesional spatial map, thus
resulting in the observation of a shift combined with a rotation
of the reciprobit plots. We cannot be more conclusive as both
these functional (non-exclusive) hypotheses could ﬁt with the
possible roles of LIP in hosting a saliency map (Gottlieb et al.,
1998) or participating to perceptual decision-making (Shadlen
and Newsome, 1996).
The effects of FEF inactivations on mean RT are an increase
for the detection of a contralesional target, equivalent for the
three search conditions, and a small increase for the detection
of an ipsilesional target for Monkey M (Wardak et al., 2006).
Our original interpretation was that FEF inactivations affected
the contraversive attentional shifts. The analysis of RT distribu-
tions shows very different results for the two monkeys that seem
to match their control search strategy. In Monkey M, we observe
a shift of the RT reciprobits for a contralesional target. As this
monkey seems to analyze the visual scene in parallel, this would
correspond to a decrease in the accumulation rate as proposed
by the LATER model. This hypothesis would support the sug-
gestion of some authors that FEF, like LIP, hosts a saliency map
(Thompson and Bichot, 2005). However, this explanation cannot
be generalized to the results of Monkey G. If we now focus on
the ipsilateral detection behavior, MonkeyM RT distributions are
not very affected by FEF inactivations (even if it results in a small
change in the mean RT). In contrast, in Monkey G, the reciprobit
plots are very different from those of Monkey M, but very sim-
ilar to contralesional target RT distributions: the general effect
of FEF inactivations is an increase in RT variance. This could be
due to an increased duration of contraversive attentional shifts.
Alternatively, it could also result from an increase in the num-
ber of attentional shifts due to a working-memory deﬁcit as has
been shown in patients with frontal lesions (e.g., Walker et al.,
1998). In addition to this general increased RT variance, these RT
distributions also show that, especially for an ipsilesional target,
many RTs are faster than in the control condition. A plausible
interpretation is that, while contraversive shifts are longer fol-
lowing FEF inactivations, ispsiversive shifts are on the opposite
faster. As these ipsilateral shifts can be produced both within the
ipsilesionalandthecontralesionalsideofspace, this couldexplain
the complex shape of the reciprobits. These very short RTs for an
ipsilesional target are also observed in an easy feature search con-
dition, producing an early distribution separable from the main
RT distribution (Figure7). In the original LATER model, this
kind of early distribution has been described as corresponding
to express saccades. The fast manual RTs we describe are obvi-
ously functionally not equivalent to express saccades, but could
correspond, as an alternative interpretation, to faster attentional
shifts or a falicitated perception of the ipsilesional targets.
To conclude this section, we cannot propose a single func-
tionalmechanismthatwouldbeaffected byFEFinactivations and
explain the entire behavioral results of Monkey M and G, possi-
bly because of their different behavioral strategies. However, our
results ﬁt with the proposed role of FEF in attention and percep-
tion (e.g., Thompson et al., 2005; Ding and Gold, 2012;a l s oI b o s ,
Duhamel and Ben Hamed, submitted).
The LATER model we apply to our RT data completely relies
on the assumption that the neuronal processes that underlie our
behavioral observations follow a pure diffusion model with drift
and low variance. Neuronal responses to target detection in the
absence or in the presence (visual search task) of distracters are
very similar in both the FEF (e.g., Thompsonet al.,2005)a n dL I P
(Oristaglio et al., 2006; Balan et al., 2008)a n dt h e yr e ﬂ e c ti n f o r -
mation accumulation about the presence of the target. However,
to our knowledge, there is no report, in these two areas, of notice-
able changes in baseline variability between these target detection
and visual search conditions nor of baseline changes as a function
of visual search difﬁculty or the number of distracters. The for-
mer situation is expected to lead sub-optimal ﬁts by the model,
while the latter situation is expected to lead an erroneous thresh-
old change hypothesis. Only direct neuronal recordings can allow
us to directly address this point and validate the framework RTs
are interpreted in.
In conclusion, this re-analysis of the effect of LIP or FEF inac-
tivations on RTs in a covert visual search task shows that the
entire RT distribution contains information worth considering.
Forexample, in MonkeyG, the effects ofFEF inactivations donot
affect the mean RT for detecting an ipsilesional target, whereas
their actual effects on the RT distribution is huge. We cannot
conclude decisively about the functional mechanisms affected
by both LIP and FEF inactivations, because several alternative
hypotheses couldﬁt the results. However, whatis very clearis that
both inactivations have very different effects on the RTs distri-
butions in the two monkeys, much more striking that the subtle
differences we alreadyreported on mean RTs. These differences of
results between the two monkeys most likely arise from the spe-
ciﬁc visual search strategy of each animal. Our analyses relied on
the LATER model, which has been demonstrated to be a very use-
ful tool to study RTs distributions, thanks to very few parameters.
Here, we demonstrate a limitation of this model, in that it does
not allow to ﬁt all the behavioral strategies encountered in visual
search.
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